We have studied the charge capture and impact excitation processes in H + on He + collisions over a wide range of collision energies by solving the time-dependent Schrödinger equation with the classical trajectory approximation for the projectile. The time-dependent Schrödinger equation is solved by the split-operator method with a generalized pseudospectral (nonuniform grid) method in the energy representation. The calculated charge capture cross sections are in good agreement with the available experimental measurements. Our calculated charge capture and impact excitation cross sections are also in reasonable agreement with various close-coupling calculations. Combined with time-dependent density functional theory, our Schrödinger equation method (time propagation) holds significant promise for studying many-electron processes in atomion collisions.
Introduction
Charge capture, impact excitation and ionization are the fundamental processes in atom collisions with atoms, molecules and solid material, and have been of considerable interest both theoretically and experimentally for a long time [1] [2] [3] . Due to recent advances in computer technology, we can solve the one-electron time-dependent Schrödinger equation accurately to study various processes involved in the collisions [4, 5] . Even with the largest computer, however, we are still far from solving the N -electron time-dependent Schrödinger equation numerically. Recently, Nagano et al [6] studied the many-electron charge transfer process between highly charged ions and atoms using the time-dependent local density approximation method. Their results are not in good agreement with the experimental measurements. The discrepancies could be due to the time-dependent local density approximation or the numerical approach, which need further investigation. For one-electron systems, the closecoupling method shows great success in investigating the charge transfer, impact excitation and ionization in atom-ion collisions [1, 3] . However, it is very difficult to extend the closecoupling method to study many-electron systems. The time-dependent density functional theory provides a way to study many-electron processes in the collision system. Basically, we only need to solve a single-electron-like time-dependent Schrödinger equation to study many-electron processes. Therefore, it is very important to have an efficient and accurate time propagation method. The split-operator method with a generalized pseudospectral method in the energy representation has been applied successfully to study high-order harmonic generation [7, 8] , and high-resolution spectra of the Rydberg atom in an external field [9, 10] . Recently, we have applied the method to study charge capture and impact excitation processes in a symmetrical collision system (H + on H collisions). Generally, our calculated charge capture and excitation cross sections are in reasonable agreement with the experiment measurements. Since the experiment error is relatively large, we are unsure whether our numerical procedure is really reliable. Here we take the charge capture and impact excitation processes in H + on He + collisions as an example to test our time propagation method. The charge capture process in H + on He + collisions has been a subject of interest for a long time and there is much theoretical work on it (Fritsch and Lin [11] , Winter [12] , Krstic and Janey [13] , Errea and Sanchez [14] , Hose [15] and Brown and Crothers [16] have studied the charge capture process by various methods). Here, we will present our theoretical studies by solving the time-dependent Schrödinger equation using the classical trajectory approximation. With an effective timepropagation method, we can study the many-electron processes in atom-ion collisions using the time-dependent density functional theory [17, 18] , similar to many-electron processes in an intense laser field [19] .
Since the close-coupling method has been applied successfully to study charge capture, impact excitation and ionization processes, it is very interesting to compare our procedure with the close-coupling method [1] from a more fundamental point of view. In the close-coupling method, we have to choose a basis of orbitals. Such orbitals could be one-atomic-centre orbitals [20] , two-atomic-centre orbitals [21] [22] [23] or molecular orbitals [24, 25] . The choice of orbitals depends on the physical process we are interested in, the computational effort, convergence and so on. If we could include a complete basis set of orbitals, we could study the collision process with any kind of basis set. In practice, it is very difficult to include a complete basis set even if we can include a very large basis set as discussed in [26] . In our time-dependent method we use a grid method instead of a basis set. Such a grid structure has a relation with one-atomic orbitals when we propagate the wavefunction in the energy representation. Since our one-atomic orbitals form a 'complete' basis set and we do not need to calculate the overlapping and the interaction matrix in the time propagation, our method is more efficient than the close-coupling method. The completeness of the basis set or optimized grid structure is checked using the description of the projectile and target wavefunctions in the grid structure when they are far away from each other. All of these have been checked in our grid-method calculation. The advantage of the grid method is that (a) we do not need to calculate the interaction matrix at each time step and (b) we can extend the numerical method to study many-electron processes using the time-dependent density functional method [17] [18] [19] . We will give a brief introduction to our theoretical method in section 2, and present our results and a discussion of them in section 3.
Theory
In principle, all collision processes can be studied by solving the time-dependent Schrödinger equation as (atomic units withh = m = e = 1 are used throughout unless explicitly stated otherwise)
with H (t), the total Hamiltonian in the centre-of-mass frame, and (t), the time-dependent wavefunction of the collision system. Since the collision system is a many-body system, we cannot solve it exactly. We will separate the heavy particle (nucleus) motion from the light Charge capture and impact excitation processes in H + on He + collisions 5587 particle (electron) motion and treat the heavy particle motion using classical theory and the light particle motion using quantum theory. Thus, for the one-electron, two-nuclei collision system we can describe the collision processes using the following equations:
with
where Z t and Z p are the target and projectile nuclear charges, µ, M t and M p are the reduced, target and projectile masses, R is the distance between the two nuclei and r is the coordinates of the electron relative to its nucleus. Equation (2) is solved using the split-operator method with a generalized pseudospectral grid in the energy representation [7] . The advantages of the numerical method are that: (a) we use a non-equally spaced grid with a denser grid in the physically important region (interaction region) and a less dense grid in the outer region to save computation time; (b) we propagate the time-dependent wavefunction in the energy representation which is more effective and accurate than that in the kinetic representation [27, 28] . Generally speaking, the Hamiltonian in equation (4) can be recast as
and equation (2) can be solved using the second-order split-operator method with a generalized pseudospectral grid in the energy representation [7, 9] as
To propagate the wavefunction in equation (6), we use spherical coordinates and the radial part is discretized using the generalized pseudospectral grids method [29] . The details of the numerical procedure can be found in [5, 7, 10] . With this impact parameter method, we can propagate the wavefunction from t = 0 → T , with impact parameter b along the x-direction and projectile velocity v along the z-direction starting from z i . The initial wavefunction is located in the target ground state. When the projectile passes through the target and far from the target, we can obtain the charge capture or excitation probabilities as
with ψ 0 , the time-independent wavefunction located on the target (impact excitation) or the projectile (charge capture). The corresponding cross sections can be obtained as
Our grid structure is optimized for the target atom and, in some sense, it forms a 'complete' basis set for the target atom, which is equivalent to one-centre close-coupling orbitals [30] . In contrast to the close-coupling method, we do not need to evaluate the interaction matrix, which can save considerable computer time and can be easily extended to many-electron processes with the time-dependent density functional method [17, 18] .
Results and discussion
Based on the above numerical method, we have studied the impact excitation and charge capture processes in H + on He + collisions over a wide energy region (from few keV to a few hundred keV). All of the calculations were performed on a four-PC Linux cluster with a Pentium III 400 MHz CPU. As illustrated in section 2, we use spherical coordinates with r max = 120 au and 50 partial waves in the calculations. The radial part is discretized in 120 non-uniform pseudospectral grid points. At t = 0, we put the projectile H + at z 0 = −20 au with the impact parameter b along the x-direction. The initial wavefunction evolves from the target He + 1s state at the origin of the coordinates. The time-dependent wavefunction is propagated by equation (6) with the projectile trajectory from equation (3) or a straight line from z 0 to z T = 30 au; 1000 time steps and 20-30 impact parameters are used in the calculations. To study the effect of the trajectory, we have also calculated the charge capture and impact excitation cross sections with a straight-line trajectory approximation. Through such studies, we found that the charge capture and impact excitation cross sections calculated with the straight-line trajectory are almost the same as that calculated with the trajectory from equation (3). The largest discrepancies, which are still less than 5%, appear in the low-energy region (< 10 keV). Generally speaking, the charge capture and impact excitation cross sections with the straightline approximation are a little larger than that with the trajectory from equation (3). This can be understand as being due to the repulsive Coulomb interaction between the two nuclei, so the projectile cannot approach as close to the target as in the straight-line approximation, which results in a smaller cross section. Since this contribution to the cross section is so small, we can neglect its effect. In the following discussion, we only show the results calculated with the trajectory from equation (3) . Figure 1 shows our calculated total charge capture cross sections in H + on He + collisions as well as the experimental measurements [31, 32] . Our calculated total charge capture cross sections are in good agreement with the experiments for the impact energy (centre-of-mass energy) above 20 keV. For the impact energy below 20 keV, our results are a little lower than the experimental ones as shown in figure 1, but our results are still in reasonable agreement with the experiment [31] . Since, for the asymmetrical charge capture process in H + on He + collisions, the experiment error is smaller than that in H on H + collisions, it provides a stricter test for our numerical method.
To investigate charge capture into the different states, we also plot the 1s, 2s and 2p charge capture cross sections in figure 2 . Clearly, we see that the 1s charge capture is the dominant channel for the total charge capture cross section, and the contribution of the 2s and 2p charge capture is approximately 1% of the total charge capture cross section. Our calculated 1s charge capture cross section is in good agreement with the results of the close-coupling calculations using a two-centre pseudo-state [11] and a three-centre atomic orbital [12] for impact energy above 10 keV. For impact energy below 10 keV, our results are lower than the results of the close-coupling method. The results of [15] are lower than our results near the peak and higher than our results for the high-energy end as shown in figure 3 . Our results are in good agreement with the most recent results from [16] . Figure 3 shows our calculated 2s, 2p and total n = 2 impact excitation cross sections as well as those from other theoretical work [13, 14] . Our results are in reasonable agreement with [13] when the impact energy is below 6 keV. Our results are larger than the results of [13] when the impact energy is above 6 keV, but in good agreement with the results from [14] when the impact energy is below 30 keV. Our results are greater than those of [14] when the impact energy is above 40. So far, to the best of our knowledge, there is no impact excitation measurement for H + on He + collisions. We hope there will be an experimental Krstic (1993) [13] and Errea (1994) [14] .
the time-dependent density functional theory, our time-dependent Schrödinger method holds significant promise for many-electron processes in the interaction of highly charged ions with atoms, molecules and solids.
